This study used resting state functional magnetic resonance imaging (rsfMRI) to investigate whole brain networks in patients with persistent postural perceptual dizziness (PPPD). We compared rsfMRI data from 38 patients with PPPD and 38 healthy controls using whole brain and region of interest analyses.
unsteadiness lasting three months or more. Symptoms are present most days with some fluctuation. Affected individuals usually feel worse when upright or exposed to moving or complex visual stimuli, or during active or passive head motion. Neuro-otologic, general medical and psychiatric conditions that cause vertigo, unsteadiness, or dizziness such as peripheral and central vestibular disorders, vestibular migraine, panic attacks and generalized anxiety, mild traumatic brain injuries, and autonomic or cardiac conditions may trigger PPPD .
Clinical epidemiologic studies of PPV (Brandt, 1996) and CSD (Staab & Ruckenstein, 2007) indicate that PPPD is one of the most common causes of chronic vestibular symptoms, and ranks among the top three diagnoses in tertiary neuro-otology centers (Dieterich & Staab, 2017; Dieterich, Staab, & Brandt, 2016) .
Although the pathophysiology of PPPD remains to be elucidated, hypotheses based on physiological investigations of its four main predecessors suggest that it may arise in part from a persistent shift in multi-sensory processing of space-motion information to favor visual over vestibular or somatosensory inputs for determining spatial orientation (i.e., visual dependence) and stiffening of postural control for controlling locomotion (Dieterich & Staab, 2017; Dieterich et al., 2016) .
Anxiety-related factors seem to play two important roles in promoting these functional changes. First, the anxiety-related personality trait of neuroticism appears to confer risk for developing CSD (Chiarella et al., 2016) and PPPD (Yan et al., 2017) , whereas resilient personality traits may reduce risk (Tschan et al., 2011) . Second, high anxiety in the context of acute vestibular syndromes predicted persistent dizziness at 3 (Heinrichs, Edler, Eskens, Mielczarek, & Moschner, 2007) , 6 (Cousins et al., 2017) , and 12 (Godemann et al., 2005 ) months of prospective follow-up to a significantly greater degree than the extent of structural vestibular deficits (Tschan et al., 2011) . Thus, an anxious predisposition and the acute interaction of elevated anxiety with structural/metabolic conditions appear to promote a persistent shift to visual dependence and stiffening of stance and gait that are hypothesized to underlie critical aspects of the chronic dizziness and sensitivity to postural and perceptual challenges that characterize PPPD .
Four recent neuroimaging investigations support this hypothesis. A task-based functional magnetic resonance imaging (fMRI) study using sound-evoked vestibular stimulation in 26 normal right-handed Italian individuals (Indovina, Riccelli, Staab, Lacquaniti, & Passamonti, 2014) found that neuroticism correlated positively with activity in the pons, cerebellar fastigium bilaterally, and left para-striate cortex (V2-visual association area), and negatively with activity in the left supra-marginal gyrus (a portion of the non-dominant vestibular cortex). Introversion correlated positively with activity in the right amygdala and negatively with connectivity between the right amygdala and right inferior frontal gyrus. Furthermore, neuroticism correlated positively with increased connectivity between the right amygdala and both left pons and left cerebellar fastigium and between the left inferior frontal gyrus and both left supra-marginal gyrus and left para-striate cortex. A second task-based fMRI study in 24 normal right-handed Italian individuals (Riccelli et al., 2017) using visual motion stimulation from a virtual reality rollercoaster ride found that neuroticism correlated positively with activity in the left (non-dominant) parieto-insular vestibular cortex and with connectivity between that area and the right amygdala when comparing travel on vertical versus horizontal sections of the ride. A resting state fMRI study (Van Ombergen et al., 2017) in 10 right-handed Belgian patients with visually-induced dizziness (as known as visual vertigo, a key symptom of PPPD) compared to 10 healthy right-handed controls found that patients had decreased functional connectivity in the right central opercular cortex (superior temporal gyrus, a component of the dominant vestibular cortex) and increased functional connectivity in the occipital pole in whole brain analyses. Seed-based analyses centered on vestibular and visual regions identified increased functional connectivity between the thalamus and lateral occipital cortex bilaterally and cerebellar regions (left central cerebellar lobules I and VI, bilateral Crus I and II) and between the visual association cortex and both middle frontal gyrus and precuneus. Seed-based analyses also found decreased functional connectivity between the visual association cortex and the left parahippocampal gyrus and between the thalamus and most of the right putamen in patients versus controls. Finally, a task-based fMRI study (Indovina et al., 2015) used sound-evoked vestibular stimulation to investigate brain activity and connectivity in 18 right-handed patients with CSD and 18 healthy right-handed controls matched for anxiety, depression, neuroticism and introversion. Compared to controls, patients showed localized hypofunction in the right posterior insula and adjacent superior temporal gyrus (both portions of the dominant vestibular cortex), left anterior insula extending to the left frontal opercular cortex, left inferior frontal gyrus, left anterior cingulate cortex (all regions that modulate instinctive stimulus-response and emotional behaviors), and left hippocampus. Patients with CSD also showed reduced connectivity between the left anterior insula/ inferior frontal gyrus and right middle occipital cortex, left anterior cingulate cortex and right superior temporal gyrus, and left hippocampus and right superior temporal gyrus. In sum, the two imaging studies in normal individuals were consistent with preceding psychological investigations of CSD (Chiarella et al., 2016; Staab, Rohe, Eggers, & Shepard, 2014) and PPPD (Yan et al., 2017) and suggested that anxiety-related personality traits increase the sensitivity of vestibular, visual, and anxiety regions of the brain to vestibular and visual motion stimuli and increase their connectivity with one another in a manner that may enhance responses to visual over vestibular inputs. The imaging studies of patients with visually induced dizziness and CSD were consistent with previous psychophysiological studies of patients with persistent dizziness (Cousins et al., 2017 ) and more strongly indicated that a shift to reliance on visual versus vestibular information occurs in patients with PPPD. In addition, these investigations identified reduced connectivity between frontal brain regions that modulate instinctive stimulusresponse behaviors and posterior regions that process space-motion information.
Therefore, we hypothesized that the pathophysiology of PPPD involves functional changes in brain pathways through the multisensory vestibular cortex, visual cortex (primary and association areas), and frontal regions that together regulate instinctive and conscious control of locomotion and spatial cognition. However, the previous neuroimaging work must be extended to larger groups of patients from additional countries and cultures who completely fulfill the new diagnostic criteria for PPPD in order to create a more detailed and generalizable model of the pathophysiologic mechanisms underlying this common condition. In this investigation, we chose resting state fMRI to compare functional networks of the brain in an unconstrained (i.e., not task dependent) state in 38 right-handed Korean patients with PPPD versus 38 age and gender matched right-handed healthy controls.
The aims of this study were: (a) to define the whole-brain functional connectivity related to PPPD using a well-established data-driven method, (b) to evaluate the functional connectivity centered on the primary vestibular and visual areas, and hippocampus bilaterally, (c) to determine whether these changes in functional connectivity correlate with the severity of dizziness handicap, anxiety and depression in patients with PPPD, and (d) to evaluate how well whole-brain functional connectivity results may serve as a biomarker for PPPD by distinguishing patients with PPPD from normal controls using machine learning algorithms.
| M E TH O DS

| Subjects
Thirty-eight patients with PPPD (26 women; mean age 6 SD 5 48.6 6 12 years) were enrolled at the Dizziness Clinic of Seoul National Thirty-eight age-and gender-matched healthy volunteers (26 women; mean age 6 SD 5 47.5 6 13 years) served as controls. Especially, the control subjects should have (a) no history of neurological or neurotological disorders, and (b) no medication that may affect the resting state brain activities.
All subjects were right-handed according to the Edinburgh Handedness Inventory (Oldfield, 1971) and had completed Korean versions of the Dizziness Handicap Inventory (DHI) (Han et al., 2004) , Beck Anxiety Inventory (BAI; Kwon, 1997) , and Beck Depression Inventory (BDI) (Lee et al., 1995) . The study was approved by the Institutional Review Board of Seoul National University Bundang Hospital (B-1609/ 362-108).
| Imaging acquisition
All subjects had MRIs using a 3T Philips Achieva MRI scanner (Philips Healthcare, Inc., Best Netherlands) at Seoul National University Bundang Hospital. Subjects were asked to rest with their eyes closed and lie still during the scanning. High resolution three-dimensional anatomic T1-weighted images of the brain were acquired with 0.5-mm isotropic voxels using a fast field-echo planar imaging sequence (TR 5 8.1 ms, TE 5 4.6 ms, flip angle 5 88, slice thickness 5 1 mm, 175 slices). Functional images of the whole brain were acquired using a fast field-echo planar imaging sequence (TR 5 3,000 ms, TE 5 30 ms, matrix 5 64 3 64, field of view 5 224 mm, flip angle 5 908, slice thickness 5 3.5 mm/0 gap, numbers of slice 5 42, number of volumes 5 120, total scan time 5 369 s).
| Preprocessing
The images were preprocessed using Statistical Parametric Mapping 12 software (SPM12, http://www.fil.ion.ucl.ac.uk/spm/software/spm12) and the CONN toolbox (version 16a (http://www.nitrc.org/projects/ conn) working on MATLAB R2015a (MathWorks, Inc., Natick, MA). and for subject-motion above 0.9 mm, and (e) smoothing using a 6 mm full-width half-maximum Gaussian kernel. After the preprocessing steps, a band-pass filter (0.008-0.09 Hz) was applied to the time series and white matter and cerebrospinal fluid time series were regressed out. There was no difference in head motion during the scan between the groups (p 5 .897). Age and gray matter volume were treated as nuisance covariates. Total gray matter volume was calculated using MATLAB get_totals script implemented in SPM (http://www.cs.ucl.ac. uk/staff/g.ridgway/vbm/get_totals.m).
| Functional connectivity analysis of the whole brain
The whole-brain functional connectivity analysis was carried out using the CONN toolbox. The parcellation scheme of the Harvard-Oxford Atlas (Caviness, Meyer, Makris, & Kennedy, 1996) Fisher's r-to-z transformation. We performed whole-brain functional
connectivity analyses in two ways: (a) we compared whole-brain functional connectivity between patients with PPPD and control subjects and (b) we performed correlation analyses between functional connectivity and clinical variables (DHI, BAI, and BDI scores) in patients with PPPD. In order to correct multiple comparison problems, we applied the statistical threshold at seed-level false discovery rate-corrected two-sided (FDR) p values at p < .05 for group comparison and correlation analysis of functional connectivity (Ludbrook, 2013) . The graphic presentation of group and correlation analyses was prepared using BrainNet Viewer (https://www.nitrc.org/projects/bnv; Xia, Wang, & He, 2013).
| Functional connectivity analysis centered on specific vestibular and visual brain regions
We also performed a seed to voxel approach using a priori defined We also added the hippocampus because it plays a critical role in the processing of spatial information and was identified as a region of altered activity and connectivity in the fMRI study of patients with CSD (Indovina et al., 2015) . Four ROIs were extracted from the Juelich histological atlas available on the FMRIB Software Library (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases) and were defined by creating binary masks with a probability threshold of 20%: the bilateral OP2 (Eickhoff, Grefkes, Zilles, & Fink, 2007) , the bilateral primary visual cortices (V1). The other two ROIs, bilateral hippocampi, were extracted from the Harvard-Oxford Atlas: bilateral hippocampi. In order to correct multiple comparisons, the cluster-defining threshold was set at p < .001 voxel level (Friston, Worsley, Frackowiak, Mazziotta, & Evans, 1994) . Then, clusterwise correction for multiple comparisons was applied using familywise error (FWE) with corrected p < .05 and cluster extent threshold of 200. Finally, the number of seeds was corrected using Bonferroni method. The graphic presentation of the analyses was prepared using MRIcron (http://people.cas.sc.edu/rorden/mricron/ index.html).
| Group differences in functional connectivity after controlling for effects of psychiatric comorbidities
In cross-sectional and longitudinal studies of PPV and CSD, approximately 60% of patients had comorbid anxiety (moderate on average) and about 40% had comorbid depression (mild on average; Dieterich et al., 2016; Staab, 2012) . Anxiety and mood symptoms often coexisted, but 25% of patients had no psychiatric morbidity. Therefore, we sought to identify alterations in functional connectivity attributable to PPPD itself by repeating our between group analyses of whole brain and a priori vestibular and visual regions of interest with BAI and BDI scores added as covariates to our general linear models.
| Functional connectivity analysis of the hippocampus along the anterior-posterior axis
Based on the initial results of our study, we also created four ROIs representing the head (anterior) and tail (posterior) portions of the hippocampus. Seeds were derived from the Juelich Histological Atlas and had a minimum of 60% likelihood of being the hippocampus. We excluded the voxels that had any probability of being in the amygdala to prevent any possibility that the anterior hippocampus connectivity may partially reflect the amygdala connectivity. The hippocampus was divided along the A-P axis into three sections as was performed in the previous studies (Chen & Etkin, 2013 ).
| Identification of whole-brain functional connectivity as a potential biomarker of PPPD
To determine if alterations in whole-brain functional connectivity could be a potential biomarker of PPPD, effectively distinguishing patients with PPPD from normal controls, we developed a classification method to separate the two groups using machine learning algorithms. Specifically, we constructed functional connectivity matrices from selected brain regions that showed significant differences between the groups. We arranged these regions into arrays and applied a principal component analysis to reduce the length of the arrays, thus avoiding excessive dimensionality. Then, we employed a support vector machine (a discriminative classifier) to develop a separation criterion using the well-established leave-one-out crossvalidation method (Chen et al., 2011; Zeng et al., 2012) . In this approach, one subject at a time was set aside and all remaining subjects were used as a training dataset. The left-out subject was then used as test data. This entire process was repeated until each subject had served as a test subject, and the results of all leave out training runs (76 processes in this case) were combined to create the final separation criterion. To quantify the success of the separation criterion, we calculated the sensitivity, specificity, and accuracy of the resulting classification and the area under a receiver operating characteristic (ROC).
| Statistical analyses
Statistical analyses were performed using the Statistical Package for the Social Sciences (SPSS) for Windows v18.0 (SPSS Institute Inc., Chicago, IL). Significance levels for all analyses were set at p < .05. Group comparisons of clinical variables were performed using two-sample t test for parametric continuous variables and chi-square tests for categorical variables.
| R E SULTS
| Clinical features
The demographic and clinical characteristics of the participants are summarized in Table 1 . As expected, patients with PPPD had higher mean scores on the DHI, BAI, and BDI than healthy controls. Scores for the PPPD group reflected moderate dizziness handicap, moderate anxiety symptoms, and mild depressive symptoms. Preceding peripheral vestibular disorders were confirmed in 9 patients (24%), vestibular neuritis in four and benign paroxysmal positional vertigo in five. Four patients had migraine and one patient reported a history of anxiety disorder. The duration of symptoms ranged from 3 to 360 months (median 5 48.2). All of these demographic and clinical variables are consistent with the typical presentation of patients with PPPD in tertiary neuro-otology centers around the world (Dieterich & Staab, 2017; Dieterich et al., 2016) . Table S1 ).
| Functional connectivity analysis centered on specific vestibular and visual brain regions
Patients with PPPD differed significantly in functional connectivity from healthy controls in several a priori vestibular, visual, and hippocampal regions of interest. Specifically, they showed increased connectivity between the left OP2 and the left lateral occipital cortex.
They also had increased connectivity between left V1 and the left tem- Table S5 ). Again, no increase in connectivity was found after controlling for psychiatric variables.
3.6 | Correlation of the altered connectivity with the severity of dizziness handicap, anxiety, and depression Table S6 ). Table S6 ).
For depression, a positive correlation was found between BDI scores and connectivity between right thalamus and bilateral inferior temporal gyri and a negative correlation was observed with the connectivity between right planum temporale and right frontal opercular cortex (Figure 4 , Supporting Information Table S6 ).
| Identification of whole-brain functional connectivity as a potential biomarker of PPPD
The support vector machine developed a classification criterion based on 11 connectivity markers that differentiated patients with PPPD from normal controls with a sensitivity of 78.4%, specificity of 76.9%, accuracy of 77.6%, and areas under the ROC curve of 0.88 ( Figure 5 ). 
| Increased connectivity of the frontal-occipital network
The subcallosal cortex responds to complex visual stimuli (Royet et al., 2000) and is an important component of the networks that are involved in executive and cognitive processes, responses to stress, and processing of pain (Hamani et al., 2011) . The middle frontal gyrus contains the frontal eye fields and the dorsolateral prefrontal cortex, both of which are involved in high level control of saccadic eye movements.
The dorsolateral prefrontal cortex also supports executive functions, such as conscious planning and prediction of forthcoming actions based on information stored in working memory (Bruce, Goldberg, Bushnell, & Stanton, 1985; Pochon, et al., 2001 ). The lateral occipital cortex, a part of the ventral visual stream, plays an important role in object recognition (Grill-Spector, Kourtzi, & Kanwisher, 2001) , and stores a percept assembled by motion sensitive areas such as the middle temporal and medial superior temporal cortices (Ferber, Humphrey, & Vilis, 2003) . Thus, the increased connectivity of the subcallosal cortex with the middle frontal and lateral occipital cortices in patients with PPPD versus normal controls indicates that patients had a stronger connection among the brain regions involved in visual and behavioral functions, specifically ones that exert high level control over saccadic eye movements, process motion perception from visual inputs and guide executive functions such as planning, prediction of behavioral outcomes, and inhibition of reflexive responses to stress and pain. However, this result appeared to be related to patients' psychiatric state as it was not found in analyses that controlled for anxiety and depression.
| Decreased connectivity of the parieto-insularhippocampal-cerebellar network
Patients with PPPD showed significantly decreased connectivity of the left hippocampus with the cerebellar lobules VI and Crus I. The hippocampal formation is involved in spatial orientation and navigation (Hufner, Strupp, Smith, Brandt, & Jahn, 2011) . Cerebellar lobules IV, VI, and
Crus I are associated with judgement of spatial orientation (Lee et al., 2005) . These regions are related more closely to spatial cognition than to sensorimotor processing (Stoodley, Valera, & Schmahmann, 2012) .
The left hippocampus and cerebellar lobule VI interact during prediction of spatio-temporal aspects of voluntary movements, but not dur- Although several brain regions are known to be involved in self-motion perception (Baier et al., 2013; Kaski et al., 2016; Nigmatullina et al., 2015) , the insular and opercular cortices play an important role in multisensory integration of space-motion information for self-motion perception (Shinder & Newlands, 2014) . These findings are consistent with reduced activity and connectivity of the PIVC, hippocampus and anterior insula observed in patients with CSD in a previous fMRI study (Indovina et al., 2015) . Thus, persistent vestibular symptoms of PPPD may be related to reduced connectivity among the areas involved in spatial orientation and self-motion perception.
Our patients with PPPD showed decreased connectivity between right nucleus accumbens and anterior portion of left temporal fusiform cortex. The nucleus accumbens, as a part of the ventral striatum, plays a key role in the cognitive processing of motivation, reward, and reinforcement learning (Day & Carelli, 2007) . The function of the anterior portion of temporal fusiform gyrus is not fully understood, but it appears to be involved in visual semantic processing (Simons, Koutstaal, Prince, Wagner, & Schacter, 2003) . Therefore, decreased connectivity between the nucleus accumbens and temporal fusiform gyrus may impair processing of visual reinforcement learning in patients with PPPD.
| Functional connectivity centered on regions of interest related to vestibular and visual processing
Our patients with PPPD also showed increased connectivity between the left lateral occipital cortex and left OP2 area, which may be related to psychiatric state as it became no longer significant after controlling for anxiety and depression. In functional imaging studies in normal individuals, the visual cortex was inhibited during vestibular stimulation and vestibular cortex was inhibited during visual stimulation (Brandt, Bartenstein, Janek, & Dieterich, 1998) . This reciprocal inhibition in visual-vestibular interaction is believed to be important for perception of self-motion. In a previous fMRI study of normal subjects (Indovina et al., 2014) , the personality trait of neuroticism (a potential predisposing factor for anxiety and depressive disorders) was associated with increased connectivity of the inferior frontal gyrus with both visual and vestibular cortical regions. Thus, psychiatric factors may affect the reciprocal inhibition of visual-vestibular interactions in healthy individuals and patients with PPPD.
We also found increased connectivity between left V1 and left temporal pole. The temporal pole is involved in various cognitive functions, including memory and emotional tagging of perceptual processes (Blaizot et al., 2010) . As was the case with connectivity between visual and vestibular cortices, this result was not sustained after controlling for anxiety and depression, indicating that psychiatric state may affect the strength of association between regions that add emotional valence to sensory inputs and areas related to visual processing in patients with PPPD.
| Group differences in functional connectivity after controlling for effects of psychiatric comorbidities
When we accounted for the effects of state anxiety and depression by including BAI and BDI scores in our general linear models of resting state connectivity, the findings of increased connectivity between the subcallosal cortex and the left superior lateral occipital cortex and left middle frontal gyrus and between the left OP2 and left lateral occipital cortex in patients with PPPD were no longer statistically significant.
Rather, statistical significance remained only for decreased connectivity among the key vestibular, visual, and frontal regulatory regions centered mostly on the hippocampus bilaterally and amygdala on the right. This is consistent with the fMRI results of a previous study (Indovina et al., 2015) that found widespread decreases in connectivity among many of these same areas in patients with CSD in response to sound evoked vestibular stimuli. In that study, the authors carefully controlled for the effect of psychiatric variables by matching patients and healthy control subjects on personality traits and state anxiety and depression.
Another study (Van Ombergen et al., 2017) reported increased connectivity in visual cortical areas and decreased connectivity in vestibular cortical areas using a resting state fMRI in patients with visuallyinduced dizziness, but did not account for the psychiatric state of their subjects. Taken together, our results and the findings of these two previous studies indicate that alterations in brain functioning attributable to PPPD itself are decreases in connectivity among the vestibular and visual cortices, the frontal regulatory regions and the hippocampus.
Increased activity and connectivity in the visual cortex may be more attributable to the effects of co-existing anxiety or depression.
4.5 | Correlation of the altered connectivity with the severity of dizziness, anxiety and depression
In our patients with PPPD, the total DHI score showed a positive correlation with the connectivity between bilateral supramarginal gyri and left cerebellum. The supramarginal gyrus is a part of the somatosensory association cortex that is involved in interpretation of tactile sensory data and perception of space and limb location (Ben-Shabat, Matyas, Pell, Brodtmann, & Carey, 2015) . It is also involved in identifying posture and gesture of other people, and is thus a part of the mirror neuron system (Reed & Caselli, 1994) . In contrast, the DHI score showed a negative correlation with the connectivity between left hippocampus and left parietal opercular cortex. Thus, the severity of dizziness handicap in patients with PPPD may be associated with increased reliance not only on visual inputs but also on somatosensory rather than vestibular cues. Somatosensory dependence was identified in a previous investigation of space-motion discomfort (Jacob, Redfern, & Furman, 2009 ). Dizziness handicap also may be related to impaired recognition of self-motion and spatial working memory.
The score of BAI was positively correlated with the connectivity between the visual and frontal cortices. This is consistent with the increased connectivity between these areas identified in our patients with PPPD in the analyses that did not control for psychiatric state. It is well established that the anxiety-related personality trait of neuroticism is a risk factor for PPPD (Chiarella et al., 2016; Staab et al., 2014; Yan et al., 2017) . In an fMRI study of normal individuals, neuroticism correlated with increased activity in the visual cortex and with increased connectivity between the visual and frontal cortices, suggesting that neuroticism and state anxiety may mediate the shift to visual dependence in patients with PPPD.
In our patients, the BDI score was positively correlated with the connectivity between the thalamus and inferior temporal gyrus.
Increased activation of the thalamus has been reported in patients with major depression (Hamilton et al., 2012) . The inferior temporal cortex, as the final destination of the ventral visual stream, plays an important role for visual recognition of objects and memory (Kravitz, Saleem, Baker, Ungerleider, & Mishkin, 2013) . Future studies will have to investigate the role of depression on visual function in patients with PPPD.
| The role of hippocampus in PPPD
Based on our findings of altered connectivity centered on the hippocampus in patients with PPPD, we performed additional analyses to understand the details of those results. The hippocampus may be
divided into anterior and posterior subdivisions that have a distinct functional connectivity. The anterior portion modulates stress-induced activity of the hypothalamic-pituitary-adrenal axis and exerts negativefeedback control over the axis (Dedovic, Duchesne, Andrews, Engert, & Pruessner, 2009) . In contrast, the posterior portion is a crucial component of networks that mediate the cognitive processes of spatial memory and navigation as well as retrieval of episodic and semantic memories (Kjelstrup et al., 2008) . decreased activity and connectivity identified in the fMRI study of CSD (Indovina et al., 2015) , and indicate that patients with PPPD may have impaired spatial cognition.
| Identification of whole-brain functional connectivity as a potential biomarker of PPPD
In previously published works, alterations in functional connectivity successfully differentiated patients with neurologic and psychiatric disorders such as major depression (Zeng et al., 2012 ) and Alzheimer's disease/amnestic mild cognitive impairment (Chen et al., 2011 ) from healthy controls. In this study, we were able to use a machine algorithm validated by the leave-one-out method to discriminate patients with PPPD from controls with a reasonable precision using only 11 connections that showed significant between group differences in the whole brain analyses. If validated in future experiments, these connectivity patterns may be used as functional neuroimaging biomarkers of PPPD.
| Limitations
Most fMRI studies of the brain utilize atlases derived from anatomical or cyto-architectonic boundaries to specify ROIs (Bressler & Menon, 2010) . However, the suitability of these atlases has yet to be established for the studies on resting state functional connectivity of the brain. Recent quantitative cyto-architecture mapping techniques offer a tighter link with the functional architecture of the brain, but only a small set of cortical regions are covered well. Thus, the validity of our functional connectivity analyses depended on our ability to identify ROIs accurately. Where standard atlases were limited in this regard, we used previous vestibular imaging work to guide our methods. Several aspects should be considered when interpreting the classification results as well. The accuracy of the final model was higher than the chance level but still modest. In addition, the results may have been biased since the selection of features for machine learning were based on the results of group comparison. This study did not adopt a dizzy control group. Thus, it remains to be determined that the findings observed in our patients are specific for PPPD.
In conclusion, in this study of patients with PPPD versus healthy controls, we identified decreased connectivity in key regions of the brain involved in vestibular and visual information processing, spatial cognition, and executive functions centered primarily on the hippocampus bilaterally and including the vestibular cortex, occipital lobes, inferior frontal gyrus, insular cortex, and cerebellum. These results were consistent with a previous fMRI report of sound-evoked vestibular stimulation in patients with CSD that showed decreased activity and connectivity in many of these same areas. Taken together, these results suggest that patients with PPPD may have widely diminished cortical integration of multi-sensory space-motion information and deficits in spatial cognition. We were able to separate these core features of PPPD from additional alterations, namely increased connectivity between frontal lobe regions involved in emotional regulation and occipital areas processing visual association, that were linked to state anxiety and depression in our multivariate general linear models. Additional studies are needed to validate and extend these results and link them to physiological data and specific symptoms of PPPD.
| Supplementary data
This manuscript contains supplementary Tables from S1 to S7. Tables   S1 to S6 show the detailed results of connectivity shown in the corresponding figures respectively. Table S7 shows the regions of interest included for analyses in this study according to the prior probability template of Harvard-Oxford atlas and SUIT.
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